

















range transportprocesses. Based on the combined efforts frommulti–national atmosphericmonitoringprograms,
principlesandpathwaysof long–range contaminant transport into thepristinePolarRegions (ArcticandAntarctic)




modeling tools that aim todescribe future contamination scenarios in various regionsof theworld.Although the
fundamentalimportanceofcontinuousatmosphericmonitoringfortheevaluationofgloballong–rangetransportand
distributionprocessesofanthropogeniccontaminants isrecognized,threemajorchallengesforglobalmonitoringof
contaminants remain: (1)Amore thorough co–ordination and co–operation between all internationalmonitoring
programswithfocusinglobalcontaminanttransportandfatemustbeachieved.(2)Strategiesforrapidandeffective























Generally, present levels of anthropogenic contaminants
including persistent organic pollutants (POPs) found in the polar
environmentscannotberelatedtoknownuseand/orreleasefrom
sources within the region. Only a few hot spot locations are
registered as local sources for POPs; these include military
installations in North America and the Russian North. Based on
continuous monitoring and surveillance, with the exception of
restricted local contamination issues, atmospheric long–range
transportfrom lower latitudes isknowntobethemost important
reason for thepresenceofmanypersistentorganicand inorganic
pollutantsintheArcticenvironmenttoday.Duringrecentdecades,
international long–term atmospheric monitoring programs have
been proven to be versatile tools for the demanding task of
identification and evaluation of hazardous chemicals in the
environment. For more than 3decades, regional and national
monitoring programs have monitored POPs in the arctic
atmosphere.TodaytheArcticMonitoringandAssessmentProgram
(AMAP), United Nations Economic Commission for Europe
(UNECE)–European Monitoring and Evaluation Program (EMEP),
theNorthernContaminantsProgram (NCP)ofCanada,aswellas
the national monitoring programs of the Nordic countries
(Denmark,Norway,Finland, Iceland),RussianFederationandUSA
arecontinuouslymonitoringPOP levels in theArcticatmosphere.
In general, modern tools for atmospheric pollutant monitoring
especiallyinbackgroundregionslikethepolarareas,aredesigned
to:









The above–described concept for pollutant monitoring has
been proven to be highly effective and useful.Many examples
illustratetheimportanceofcontinuousatmosphericmonitoringfor
surveillance of anthropogenic contamination in the cold Polar




Only through long–term international atmospheric POPs
monitoring in theNorth, theglobaldistributionpatternsof long–
rangetransportedPOPscouldberevealed.Thus,theprinciplesand
pathwaysofglobalatmosphericlong–rangetransportofpersistent
semi–volatile contaminants across several climate zones into the












havebeenused as industrial chemicals in electrical transformers
and capacitors since the late 1920s. In addition, PCBs were
registered for applications as hydraulic fluids, window sealants,
paints, dyes and insulation materials (AMAP, 2004). About
1200000tons have been produced since the 1940s worldwide
(Breivik et al., 2002). In the 1960s, evidence for thepresenceof
PCBs in biological samples was presented (Jensen et al., 1969;
Waid,1986)and in the1970s, thepresenceofPCBs in theArctic
atmospherewas reported by Norwegian and Canadian research
groups (Oehme et al., 1996; AMAP, 1998). The highly toxic
propertiesofPCBsandconcernabouttheirpresence intheArctic
environment and elsewhere led to first national and then
international bans on the use of these chemicals as industrial
products in the 1980s and 1990s (www.pops.int). Currently,
monitoring programs are tracking the (generally declining)
atmospheric levelsof such “legacy” contaminantsand contribute
to the evaluation of regulatorymeasures. Evenwith 20years of
continuous POPmonitoring in the Arctic atmosphere, formany
compounds no clear increasing or decreasing trend information
couldbeestablished (Bergetal.,2004;AMAP,2009;Hungetal.,
2010; Kallenborn et al., 2012a). However, in the recent AMAP
report, increasing trendsare reported forHCB, selectedPCBand
dichlorodiphenyltrichloroethane (DDT) (Hung et al., 2010;Ma et
al.,2011;MOSJ,2012).

The atmospheric POPs monitoring at the Zeppelin station
(Figures2 and 3; Ny–Alesund, Svalbard) revealed a continuous
locallyrestricted increaseofhexachlorobenzene (HCB)since2004
(Hung et al., 2010). This trend may be the result of increased
evaporation from the seawater surfaces due to the increased
inflow of “warm”NorthAtlantic surface seawater into the Fram
Strait resulting in ice–free fjords along the West coast of
Spitsbergen (Hung et al., 2010). However the reasons for this
steady increasearestillunderdebate inthescientificcommunity.
Baseduponthisinformation(long–termPOPmonitoringdatafrom
the Zeppelin station), a comprehensive modeling study was
performedonotherPOPcompoundsrevealingsimilartrendsalso
for hexachlorocyclohexanes (HCHs) and volatile PCBs (Ma et al.,
2011). Thus scientific value of monitoring data increases
considerably with the length of the time period for these
monitoringprograms.

Previously, organochlorine pesticides (e.g., DDT, HCH) were
usedascropprotectionagents(e.g.,pesticides) inNorthAmerica,
Europe or developing countries in Africa and Asia. Upon
application,many of these persistent chemicals are transported
throughout several climate zones into the Arctic regions.
Accumulationprocesses in the regional foodwebshadsignificant
implicationsforthehealthandwellbeingoftheindigenouspeople
oftheNorth.Inprincipal,similarpathwayscanbeexpectedinthe
Southern hemisphere. So far, short–term monitoring programs
performed intheAntarcticregions,confirmedsimilarpatternsfor
atmospheric long–range transport as already described for the
Northernhemisphere.However,theconcentrationlevelsreported
are considerably lower compared to POPs in Arctic atmospheric































































As a direct result of various international efforts on
atmospheric contaminantmonitoring, largemonitoring programs
(such as LRTAP–EMEP, AMAP, OSPAR/CAMP, WMO–GAW, see
Table1) covering also the polar background regions, have been
established.Acomprehensive“listofaction” focusingonnational
and international initiatives directed towards elimination/
reduction of contaminant burdens in the environment is
summarized in the newly updated AMAP implementation plan
“Trends and Effects Program” (www.amap.no), theUNECE long–
term strategy (www.unece.org), aswell as in theUNEPs (United
Nations Environment Program) master list of actions
(www.pops.int;UNEP,2000).





centers (i.e., ebas.nilu.no) available for comprehensive environͲ
mentalresearch.Regulatorsandenvironmentalscientistsarethus
encouragedtousethevalidatedqualitycontrolleddataactivelyfor
research purposes (i.e. validation ofmodels and investigation of
trends,etc.).

2. Structural Requirements for Modern POP Monitoring
Activities

One immediate result of the past decade with continuous
comprehensive atmosphericmonitoring of priority contaminants
is, that atmospheric contamination and atmospheric long–range
transport is not just a local or a regional challenge restricted to








advice on actions to be taken in order to support Arctic
governments in their efforts to take remedial and preventive
actionsrelatingtocontaminants”(AMAP,2011a).Thisstatementis
valid also forother regionalmonitoringprograms and shouldbe




dimension when regional networks are coordinated and/or
combined. In order to provide a reliable and scientifically sound
basis for continuous atmospheric POP monitoring, the program
administrationshavetoaddress:

(1)The primary questions of the regulatory authorities
responsiblefortheestablishedPOPsatmosphericmonitoringmust
beadequatelyimplementedintothestrategiesoftheprogram.
(2)The identification of regional and local level characteristics
when selecting representative sampling sites (based on the
mentioned key, priority questions the coordinating regulatory
authorities want to answer with the established monitoring
program).
(3)The coordination ofmonitoring schedule and priority target
compounds with other regional/international monitoring
activities/programs.







of southern nations with interest in the Antarctic, maintain
nationalmonitoring and surveillance initiatives (mainly campaign
based for new emerging contaminants which are under
consideration for continuousmonitoring). Thus, during the past
decades a wealth of scientific information on transport, levels,
distribution and fate of priority contaminants is produced and
reported to the respective authorities, institutions and
stakeholders (Torseth and Hov, 2003; Berg et al., 2004; AMAP,
2009; Hung et al., 2010; Torseth et al., 2012). The numerous
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national atmospheric monitoring programs usually follow the
guidelines provided by the AMAP, LRTAP (Convention on Long–
range Transboundary Air Pollution), and the Stockholm
Convention’sGMP (GlobalMonitoringPlan).Detailed information
on the guidelines can be found in the literature (AMAP, 1993;
UNEP, 2000; EMEP, 2001; US EPA, 2001). As a first step of
coordinating data accessibility, format and quality control, joint
databases are available where long–term contaminant
concentration data from several collaborating monitoring
programs are managed and administrated. One highlighted
example is the AMAP/UNECE–EMEP/OSPAR “ebase” data
repository for atmospheric contaminantmonitoringmanaged by
theNorwegian Institute of Air Research (NILU). This database is
openly accessible and quality controlled data on atmospheric
contaminant levels(includingPOPs)whichcanbedownloadedfor




jointdata centers collecting and administrating all availabledata
within the monitoring program. AMAP's assessments (biota,
atmosphere, human health/indigenous people, cryosphere and
aquatic systems includingoceans)arebased toa largeextenton




marine pollutant monitoring is collocated with International
Council for the Exploration of the Sea (ICES) (Copenhagen,
Denmark). The freshwater and terrestrial contaminants data are
collected at the University of Alaska, Fairbanks (UAF) in the
Fairbanks, USA – UAF Syncon Database. All radioactivity data,
includingboth sourcesand levelsand trendsaremanagedat the
Norwegian Radiation ProtectionAuthority (NRPA),Oslo,Norway.
The human health contaminant data are stored in the national




that protect the rights of data originators. These conditions are
described in AMAP's Data Policy documentation (see
www.amap.no).Thedatacentersarecoordinatingmonitoringdata
for several monitoring initiatives including AMAP, Helsinki
Commission(HELCOM),UNECE–EMEPandOSPAR.AMAPthematic





Plans (NIPs); the NIPs describe the national commitment of the
respective country on Arctic environmentalmonitoring. All NIPs
areupdatedregularlyandarepubliclyavailableattheAMAPweb
page;
x to provide a means to ensure that data are treated in a
consistentmanner, undergo uniform statistical analysis including
applicationofqualityassuranceprocedures;
x to begin the process of establishing a long–term archive of
Arctic–relevantmonitoringdata, foruse in futureassessmentsof,
e.g.temporaltrends;







Quality assurance (QA) issues are usually an integral
component of most monitoring programs and research work
conductedasapartofthemonitoringinitiative.However,national
and international monitoring programs (including atmospheric
monitoring) have different demandswith regard to data quality,
priority criteria for contaminant selection, documentation,
sampling frequency andmethodology. Inorder toharmonizeQA
criteria the international monitoring programs are addressing
these issues currently by developing joint QA protocols. The
NorwegianInstituteforAirResearch(NILU) iscurrentlyorganizing
theQArequirements jointly forUNECE–EMEP,AMAP,OSPARand
HELCOM. Inaddition, laboratory inter–calibrationsareperformed
continuously for participating laboratories reporting monitoring








with strong linkages between the national and international
initiatives.

However, not just sampling andmethod differences restrict
the comparability of monitored data. Locally characteristic
meteorologicalandclimateconditionsaswellasvaryingcontentof
particulatematerialsmight lead to significant differences in the
capacityoftheparticulate–phase intheairmassestoadsorband
transportspecificcontaminantburdens.Thesedifferencesrestrict
severely the comparability of datasets collected under different







(Nakazawa et al., 1997)which can be used to derive long–term
trends and seasonal cycles of environmentally measured data.
Statistical validation including digital filtration (DF) as introduced
byEnvironmentCanada (Hungetal.,2010)hasdeveloped intoa
very useful tool for large–scale data analysis in atmospheric
monitoring. In addition to these statistical filtration methods,




A clear commitment for co–operation between long–term
monitoring programs in order to harmonize and coordinate
sampling techniques, quality control measures, monitoring
parameters (priority contaminants, sampling frequency etc.) is
important in order to allow investigating and evaluating global
aspects of atmospheric contaminant distribution. Table1
illustrates the principal parametersmonitored by selectedmajor
atmospheric monitoring programs and the potential of co–
operationbetweenthoseinitiatives.Alreadyageneralcomparison
of the major monitored parameters reveals the potential for
harmonizationand“jointforces”withinatmosphericmonitoringof




and work with similar QA/QC requirements. This harmonization
will lead to a better comparability of themonitoring data. The
presented priority compounds here (Table1) are considered as
recommendations for contributing nationalmonitoring programs
(not all priority compounds aremeasured and reported from all
contributing stations).Priority list (compounds andmethods) are
not expected to be identical or even similar. However, is
recommendedtoharmonizemonitoringprogramswithrespectto
target compounds, sampling schemes, QA/QC requirements in




In order to obtain reliable results within global monitoring
activities, regional/hemispheric monitoring must be based on
nationalprograms.Thementionednationalprogramsherearealso
responsiblefordatastorageandaccessibility(seeabove).Mostof
the established international POP monitoring programs (AMAP,
HELCOM,NCP,OSPAR andUNECE–EMEP) have, thus, recognized
the need for integration and compatibility of local and global
initiatives (TorsethandHov,2003;Torseth,2004;AMAP,2012a).
Therefore, the thematic data centers (TDC) are jointly organized
andthedataprovidedisopenlyavailablevia“ebase”forscientific
studies and assessment. The program officials acknowledge the




It is therefore recommended to establish more formal
monitoring requirements for those participating in these
coordinationefforts inorder to improve thecompliancebetween
the programs. Requirements with respect to site location,
representativeness,networkdensity,parameterstoberequested,







global distribution processes when combined with multi–
disciplinaryscientificinformation.Onlyincombinationwithvarious
related scientific information such as modeling tools and risk
evaluations,meteorological information and climate datawill be




Recent changes in the Arctic's ice climate and ecosystem
structurehavebeenreportedbyAMAP(ACIA,2004;AMAP,2011a;
AMAP, 2011b). In addition, the Arctic POPsmonitoring data has




is clearly demonstrating the interdisciplinary potential of POP
monitoringdataforthistypeofenvironmentalresearch.
The basic structures of combined monitoring and research
strategies on atmospheric POPs documented here can be easily
extrapolated toward other regions of our globe, provided that














Atmospheric long–range transport episodes can only be
revealed and elucidated by combining unusual contamination








concentrations are reported for the winter period (Hung et al.,
2010). As themajor reason for this typical distribution pattern,
remobilization fromsecondarysources (e.g., re–evaporation from







specific distribution pathways must be provided (based upon
continuous monitoring efforts) in order to elucidate these
processesinmoredetails.





media with potential relevance as secondary source for





The use and availability of monitoring data for scenario
assessments and/or monitoring purposes is one of the most
important features of today’s international atmospheric
monitoring programs of POPs. Advances inmodeling have been
enhancedby a growing database and scientific understandingof
physicochemicalpropertiesasa functionof temperature.Models
of precipitation scavenging of contaminants from air have
advanced our understanding of deposition processes. Modern
contaminant fatemodels includingmulti–compartmentalmodels
contribute significantly to the interdisciplinary efforts to
investigate compound–specific atmospheric distribution and
transport.However,forcalibration,verification,qualitycontroland
evaluation of new models, empirically derived and scientifically
certifiedmonitoringdataonPOPsarehighlyimportant.Therefore,
continuous communication between scientists involved in






In the light of the rapid technological developments in
analytical chemistry and particularly in the development of
inorganicanalytical chemistry,manynew relevantenvironmental




Compound groups like perfluorinated alkylated chemicals,
modern pesticides, siloxanes, selected nano–materials etc. have
been identifiedas relevantenvironmentalpollutants/xenobiotics.
As a direct response of the continuously growing list of priority
chemicals, the UNEP Stockholm Convention for the global
regulationofPOPshasrecentlyincreasedtheirlistofpriorityPOPs




requiresnewstrategies for the identificationand implementation
of new target compounds into the already ongoing atmospheric




adaptation. In particular, a continuous science based
communication between monitoring and research communities
willallowthedevelopmentof jointstrategies inthedevelopment
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of new analytical methods based on the requirements (QC,
sensitivityetc.)formonitoringpurposes.

Iffeasible, it isrecommendedto includeascreeningprogram
fornewemergingcontaminantsinalreadyestablishednationaland




screening must be completely validated (including laboratory







programs of POPs are today considered as versatile surveillance
tools for multidisciplinary scientific studies with respect to
transportmechanisms,scenarioassessmentsaswellasdistribution
processes.Forthedevelopmentoffutureatmosphericmonitoring
of long–range transported contaminants an expanded approach
and regional coverage should be chosen. In addition, all newly
establishedmonitoringprograms(nationalandinternational)must
bebasedonwelldocumented requirements forPOPsmonitoring
programs agreed upon and implemented in already established
international long–term monitoring programs (core programs:
AMAP,HELCOM,OSPAR).

Current programs restricted to a regional monitoring must
developaglobalperspective.Twopossiblestrategiesareidentified
as promising scientific approaches for effective future global
atmosphericmonitoringofanthropogenicpersistentcontaminants
with the aim to survey and study atmospheric long–range
transportofPOPsintoPolarRegions:

(1)Already established and future International and national
agreements concerning priority compounds, sample collection,
methodology, quality control and data access will lead to a
coordinated global monitoring network of regional atmospheric
monitoring programs with similar priority compounds and
monitoring strategies. This approach will allow an easy
comparabilityofmonitoreddata.Alldatawillbeopenlyavailable
for multidisciplinary studies and evaluations as well as for
regulatorypurposes.
(2)Within the frameofoneor severalglobal intergovernmental
environmental organizations, a global atmospheric monitoring
program will be established or an already ongoing atmospheric
monitoring program (e.g., GAW or even UNECE–EMEP) may be
expandedandused fora“globalization”of the internationalPOP
monitoring.

Reflecting on today’s situation in atmosphericmonitoring of
relevant persistent contaminants and other pollutants/
contaminants,“strategy1”seemstobearealisticapproachforthe
development of future monitoring of POPs in the atmosphere.
Nationalandinternationalregulatoryinstitutionsrecognizealready






the collected data within large monitoring and surveillance
programs is recognized by allmajor international environmental
monitoring programs (e.g., EuropeanMonitoring and Evaluation
Program(AMAP,UNECE–EMEP,andothers).ViaUNECE–EMEPthe
needs and requirements for comprehensive international
monitoringprograms(EMEP,2001)aredocumentedandavailable
for the establishment of new programs in atmospheric
contaminantmonitoring;UNECE–EMEPrecommends:
x theappointmentofaQualityassurance(QA)Manager ineach
of the participating units (i.e., countries, laboratories). These
personswillbe responsible for implementingharmonizedquality
assurance systems within the units, including documentation of
standardsandreferencematerials.
x the development of standardized operating procedures (SOP)
basedonrecognizedQArecommendationsandanalyticalmethods
established for POPmonitoring (e.g., AMAP, 1994; EMEP 2001;
AMAP,2012b).
x co–location experiments and instrument comparisons in the
variousunitstodocumentprecisionandquantifyinternalnetwork
differencesbetweenthecontributingstations.




issuesofharmonization andquality assurancemeasures are also
described in a US–Environmental Protection Agency report (US
EPA, 2001). On the basis of this documentation, continuous
discussions and cooperation on QA and harmonization are
necessaryasan integratedpartof future integratedatmospheric
monitoringco–operations.

AMAP agreed and decided already in 1993 on method
performance criteria and quality control measures for Arctic
environmental samples (AMAP, 1993). These criteria are also
implemented in other well–established atmospheric POPs
monitoring programs. The quality control criteria developed
include recommendations for sampling procedures as well,
identificationofmajorquality related factors tobeconsidered in
the fieldwork,which are considered tohave significant influence
on the reliable determination of contaminants (particles,




Especially for the development of new screening and
monitoringmethods (Ecotoxicology and analytical chemistry) for
thedeterminationandassessmentofnewemergingpollutants in
pristine Arctic/Polar environments a continuous and well–
developed collaboration between regulators, monitoring and








context, the participation and method validation in laboratory





The roleof long–termatmosphericmonitoring forpersistent
organicpollutants(POPs)inPolarRegionsasaversatiletoolforthe
evaluationandassessmentofcompoundspecificdistributionand
transport processes currently is well established and fully
recognized.

However,mostof the currentongoingmonitoring initiatives
(including Arctic and Antarctic monitoring initiatives) are still
spatially restricted and, thus regionally. This concept faces
considerable challenges in adapting and harmonizingmonitoring
programstotheaspectsofglobaltransportprocesses.

The linkage between scientific research and pollutant
monitoringneedstobeacentralpartforthefuturedevelopment
of international monitoring activities for the mutual benefit of
regulatorsandscientists.
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Today’smonitoring issues recognize the need for close co–
operation between international atmospheric monitoring
programs.Thus,a regional/hemisphericexpansion isexpected to
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